Introduction
The Orthoretrovirinae (orthoretroviruses) comprise the largest subfamily of Retroviridae and are subdivided into six genera (alpha, beta, gamma, delta, epsilon, and lentivirus) . Orthoretroviruses are spherical membrane-enveloped viruses that bud from the plasma membrane of infected host cells ( Fig. 20.1 ). The emergent virion is noninfectious, and is characterized by a protein shell located immediately beneath the envelope, which is composed of precursor Gag proteins bound to the inner bilayer leafl et of the viral membrane. During maturation, Gag is cleaved by the viral protease into three new proteins, called MA, CA, and NC. This disassembles the immature Gag shell and induces structural rearrangements that culminate in formation of the mature, infectious virion. The new MA proteins remain associated with the viral membrane, forming the matrix layer; a subset of the CA proteins assembles into a smaller, mature capsid; and NC condenses with the viral RNA and its associated enzymes into a compact ribonucleoprotein complex within the new capsid. The mature capsid and its contents are called the core.
To initiate replication, the core is introduced into the cytoplasm of a new host cell after receptor binding and fusion of the viral and cellular membranes. The capsid then undergoes a well-ordered but poorly understood uncoating process that culminates in a large enzymatic complex (the "preintegration complex"), which reverse transcribes the RNA genome into a double-stranded DNA copy called the provirus, and then integrates the provirus into the host's chromosomes. Once integrated, the provirus is transcribed by cellular machinery into various spliced and unspliced mRNA transcripts, which are then translated into the structural and enzymatic viral proteins required to maintain infection and propagate new virions.
Orthoretroviruses include important human pathogens (e.g., HTLV-1 and HTLV-2, which cause T-cell leukemias). The most signifi cant of these has been HIV-1, which causes exceptionally high mortality rates through AIDS. The number of people living with HIV is currently estimated to be in excess of 33 million, with 2.7 million new infections and 2 million AIDS-related deaths in 2008 Ganser-Pornillos et al. ( 2008 ) , with permission from Elsevier) (UNAIDS 2009 ) . HIV-1 is, therefore, one of the most studied viruses and is discussed here as a model system for other orthoretroviruses. It is important to note, however, that valuable assembly principles have been discovered through studies of other orthoretroviruses (e.g., RSV, MLV). Furthermore, although the general principles of orthoretroviral structure and assembly are conserved, virus-specifi c variations also exist. The virus-specifi c features presumably refl ect unique selective pressures or adaptations between a particular virus and its host.
Assembly and Architecture of the Immature Virion
Assembly of the immature virion is orchestrated by the precursor Gag protein (Fig. 20.2a ) . In fact, all the information necessary for assembly of a retrovirus is encoded in Gag. For instance, recombinant expression of Gag in the absence of all other viral proteins results in effi cient release of immature particles (Gheysen et al. 1989 ) . In addition, pure recombinant Gag proteins can assemble in vitro into spherical shells that resemble immature virions (Campbell and Vogt 1997 ; Campbell and Rein 1999 ; Gross et al. 2000 ; Campbell et al. 2001 ) .
Gag is organized as a series of functional "modules" that work in concert to: (1) target Gag molecules to assembly sites at the plasma membrane, (2) create a membrane-bound protein shell composed of Gag hexamers, (3) specifi cally recognize and encapsulate the dimeric viral genome, (4) recruit and incorporate all other virus components into the assembling particle, and (5) conscript the required cellular factors and chaperones, such as the ESCRT budding machinery. The HIV-1 Gag protein is composed of four independently folded structural domains that are demarcated by fl exible regions ( Fig. 20.2a ) . The N-terminal domain corresponds to the mature MA protein, which is cotranslationally modifi ed with a fatty acid chain (myristic acid) and facilitates Gag binding to the viral envelope. The MA domain (colored red in Fig. 20 .2a ) targets Gag to assembly sites at the plasma membrane and facilitates incorporation of the envelope glycoproteins into the assembling virion. The two central domains of Gag correspond to the mature CA protein, which is formed by independently folded N-terminal and C-terminal domains, which we designate as CA NTD and CA CTD (colored green and cyan in Fig. 20.2a ) . These domains mediate the principal Gag-Gag contacts in both the immature Gag shell and the mature capsid. The fourth domain corresponds to the mature NC protein and, in HIV-1, is composed of two zinc fi ngers (colored blue in Fig. 20.2a ) that bind the RNA genome. High-affi nity NC-RNA interactions enable specifi c recognition and packaging of two copies of the genome, whereas low-affi nity interactions promote Gag assembly. HIV-1 Gag contains an additional region at its C terminus, called p6, which is specifi c to lentiviruses. The p6 sequence lacks a defi ned tertiary structure, but contains two peptide motifs (called "late domains") that function as docking sites for the cellular ESCRT machinery, which facilitates the release of newly assembled virions from the cell surface. (Other orthoretroviral Gag proteins harbor late domains with equivalent functions, but at different positions in the Gag primary sequence.) HIV-1 Gag also contains two spacer peptides, called SP1 and SP2, which respectively demarcate the CA/NC and NC/p6 domains. SP1 is a critical maturation switch, and equivalent regions are found in other orthoretroviruses.
Retrovirus assembly appears to be initiated by just a few Gag molecules that are specifi cally bound to two copies of the RNA genome (Jouvenet et al. 2009 ; Miyazaki et al. 2010 ) . The molecular mechanism by which HIV-1 Gag specifi cally recognizes its genome is not yet fully elucidated, but studies of Moloney murine leukemia virus have identifi ed an RNA switch that couples genomic dimerization and packaging (D'Souza et al. 2001 ; D'Souza and Summers 2004 ; Dey et al. 2005 ; Gherghe et al. 2010 ) . Conserved sequence elements in the genomic packaging signal (called Y ) are sequestered by intramolecular base pairing in the monomeric RNA and then become exposed upon dimerization, thereby allowing specifi c, high-affi nity binding of the RNA dimer to the NC domain (D'Souza and Summers 2004 ) . Upon nucleation, stochastic addition of Gag molecules extends the assembling lattice and curves the membrane outward, culminating in an immature particle whose envelope remains connected to the cellular plasma membrane by a narrow stalk. Live-cell imaging studies show that Gag proteins accumulate fairly rapidly at the membrane assembly site, and the immature shell is essentially complete about 10 min after nucleation (Jouvenet et al. 2008 ; Ivanchenko et al. 2009 ) . However, the newly formed virion does not bud for another 15 min, suggesting that fi ssion of the membrane stalk may be a rate-limiting step in virion formation (Ivanchenko et al. 2009 ) .
Functions of the Gag MA Domain
The MA domain of HIV-1 Gag adopts a helical tertiary fold (Massiah et al. 1994 ; Hill et al. 1996 ) , harbors the myristyl fatty acid modifi cation at its N terminus (Göttlinger et al. 1989 ) , directly mediates contacts between Gag and the plasma membrane (Spearman et al. 1994 ; Zhou et al. 1994 ) , and facilitates incorporation of the envelope proteins into the assembling virion (Yu et al. 1992 ; Dorfman et al. 1994 ; Martin 1995, 1996 ) (Fig. 20.3 ).
Membrane Binding and Targeting
Low-angle X-ray solution scattering studies indicate that newly translated HIV-1 Gag proteins adopt a "folded-over" conformation, wherein the MA and NC domains are in proximity (Datta et al. 2007a ) (Fig. 20.3a ) . In this soluble conformation, the N-terminal myristyl group (colored green in Fig. 20.3a ) is sequestered in a hydrophobic pocket in MA (Tang et al. 2004 ) , which would presumably disfavor membrane binding. Stable attachment to the membrane requires three synergistic elements:
(1) exposure of the myristyl group, (2) binding of the MA domain through nonspecifi c electrostatic interactions with negatively charged phospholipid headgroups and specifi c interactions with phosphatidylinositol-4,5-bisphosphate [PI(4,5)P 2 ], and (3) Gag oligomerization, wherein Gag adopts an extended conformation and begins to assemble into the immature shell (Zhou et al. 1994 ; Spearman et al. 1997 ; Paillart and Göttlinger 1999 ; Ono et al. 2000 Ono et al. , 2004 Tang et al. 2004 ; Dalton et al. 2005 Dalton et al. , 2007 Saad et al. 2006 ; Datta et al. 2007b ; Li et al. 2007 ) . PI(4,5)P 2 (colored yellow in Fig. 20.3a ) is enriched in the plasma membrane, and depletion of the cellular pools of this phosphoinositide incorrectly directs HIV-1 Gag to internal membranes (Ono et al. 2004 ) . Thus, PI(4,5)P 2 binding simultaneously promotes stable membrane binding and proper targeting of Gag molecules to assembly sites at the plasma membrane. The molecular mechanism by which PI(4,5)P 2 binding and myristyl exposure are coupled is now understood in detail (Saad et al. 2006 ) (Fig. 20.3 ) . PI(4,5)P 2 belongs to a large class of membrane bilayer lipids (phosphatidylinositols), which are composed of a glycerol backbone, one saturated and one unsaturated fatty acid chain (which are attached to the 1 ¢ and 2 ¢ positions of the glycerol backbone, respectively), and a phosphoinositol headgroup (attached to the 3 ¢ glycerol position). The phosphoinositol headgroup binds to a basic patch on the surface of MA and confers binding specifi city. The 2 ¢ unsaturated fatty acid chain is extruded from the lipid bilayer and binds in a hydrophobic groove adjacent to the myristyl binding groove. The 1 ¢ saturated fatty acid chain does not interact with MA, but rather anchors Gag to the membrane. PI(4,5)P 2 and myristyl binding to the globular MA domain are mutually exclusive: upon binding, PI(4,5)P 2 repositions hydrophobic residues in the myristyl binding pocket, triggering exposure of the myristyl group. The exposed myristyl fatty acid chain then inserts into the lipid bilayer, forming a second membrane anchor.
It is intriguing that membrane-bound Gag proteins are anchored by two fully saturated fatty acid chains (Saad et al. 2006 ) . This has been suggested as a potential mechanism for partitioning membrane-bound Gag into lipid microdomains (e.g., so-called lipid rafts) because rafts preferentially interact with saturated fatty acid chains (Brown and London 1997 ; Zacharias et al. 2002 ) . Live-cell fl uorescence imaging studies support this idea and show that Gag assembles at punctate sites at the plasma membrane (Hermida-Matsumoto and Resh 2000 ; Jouvenet et al. 2008 ; Ivanchenko et al. 2009 ) , which appear to correspond to lipid microdomains (Aloia et al. 1993 ; Nguyen and Hildreth 2000 ; Ono and Freed 2001 ; Brügger et al. 2006 ) .
Recruitment and Incorporation of Envelope Proteins
The exterior of HIV-1 virions is studded with trimeric envelope (Env) glycoprotein spikes composed of an ectodomain (gp120) and a transmembrane domain (gp41). The Env proteins mediate receptormediated fusion of viral and cellular membranes to initiate infection. The Env proteins are translated by ER-associated ribosomes as a single precursor polypeptide, called gp160, which is transported to the plasma membrane via the cellular secretory pathway. During transport, gp160 is extensively glycosylated, associates into trimers, and is cleaved by the cellular protease furin into the mature subunits (Swanstrom and Wills 1997 ) . Incorporation of the Env proteins into the assembling virion is thought to be mediated by interactions between the MA domain and the cytoplasmic tail of gp41 (Yu et al. 1992 ; Dorfman et al. 1994 ; Martin 1995, 1996 ; Murakami and Freed 2000a ) , which may occur through a bridging cellular protein (Lopez-Vergès et al. 2006 ) . Passive incorporation of Env may also occur through simple mass action (Murakami and Freed 2000b ) .
Gag-Gag Lattice Interactions
The immature virion contains around 2,500 copies of the Gag protein (Carlson et al. 2008 ) , which assemble into a spherical shell immediately beneath the viral envelope. The assembled Gag molecules adopt an extended "beads on a string" confi guration, wherein the sequential domains are arranged with the Gag N terminus on the outermost edge of the shell, and the C terminus points toward the center of the virion (Fuller et al. 1997 ; Yeager et al. 1998 ) (Fig. 20.2b ) . As discussed in the above section, the N terminus of Gag is tethered to the membrane by the MA domain. Although MA by itself can form trimers (Hill et al. 1996 ; Tang et al. 2004 ) (Fig. 20.3b ), it does not form an extended lattice in the immature virion (Wright et al. 2007 ; Carlson et al. 2008 ; Briggs et al. 2009 ; de Marco et al. 2010 ; Keller et al. 2011 ) and is dispensable for particle assembly (Wang et al. 1993 ; Reil et al. 1998 ; Gross et al. 2000 ; Briggs et al. 2009 ) . The C-terminal NC domain is also dispensable, provided it is replaced by a heterologous domain that is capable of self-association (e.g., leucine zipper motifs) (Zhang and Barklis 1997 ) . NC itself does not appear to form direct lattice-stabilizing contacts, but contributes to particle formation by tethering Gag to the RNA genome (via nonspecifi c contacts, as opposed to specifi c binding to the dimeric Y packaging element), thereby increasing the effective concentration of the assembling Gag molecules (Campbell and Vogt 1997 ; Gross et al. 2000 ) .
The principal sites of lateral Gag-Gag interactions are located in the CA NTD and CA CTD domains, as well as the SP1 linker. These structural elements facilitate Gag assembly by forming a paracrystalline lattice of close-packed hexamers ( Fig. 20.4 ) .
The CA NTD is an arrowhead-shaped domain composed of seven a -helices (numbered 1-7) (Gitti et al. 1996 ; Tang et al. 2002 ; Kelly et al. 2006 ) and directly contributes to Gag assembly by forming hexameric rings (Figs. 20.2 a and 20.4 ). In reconstructed cryotomograms of immature particles, the CA NTD hexamers are about 80 Å in diameter and interact across the threefold and/or twofold axes of the hexagonal lattice (Wright et al. 2007 ; Briggs et al. 2009 ; de Marco et al. 2010 ; Keller et al. 2011 ) (Fig. 20.4a, b , green) . The current tomograms are not of suffi cient resolution to unambiguously defi ne domain orientations. However, biochemical analyses have identifi ed two surfaces of CA NTD that are important for Gag assembly: one encompassing helices 1 and 2, and a second near helices 4 and 7 (von Schwedler et al. 2003a ; Lanman et al. 2004 ; Mortuza et al. 2008 ; Monroe et al. 2010 ) . One suggested model is that the sixfold symmetric interactions are mediated by the fi rst region, and interhexamer contacts are mediated by the second (Wright et al. 2007 ) .
The CA CTD is a globular domain composed of a short 3 10 helix, a highly conserved sheet-turnhelix element termed the major homology region (MHR), and four a -helices (numbered 8-11) (Gamble et al. 1997 ; Worthylake et al. 1999 ) (Fig. 20.2a ) . Cryotomograms indicate that in the immature lattice, CA CTD forms a second layer of hexamers directly below and with a similar (if slightly smaller) spacing as the CA NTD layer (Wright et al. 2007 ; Briggs et al. 2009 ; de Marco et al. 2010 ) (Fig. 20.4a, b , cyan) . The CA CTD hexamers interact across the twofold symmetry axes of the hexagonal lattice, and this is consistent with biochemical data showing that the isolated CA CTD is a dimer in solution (Gamble et al. 1997 ; Ivanov et al. 2007 ; Byeon et al. 2009 ) . High-resolution X-ray and NMR structures of the isolated CA CTD dimer have identifi ed at least two dimerization modes (side-by-side and domain-swapped, with at least three possible side-by-side confi gurations) (Gamble et al. 1997 ; Worthylake et al. 1999 ; Ivanov et al. 2007 ; Bartonova et al. 2008 ; Byeon et al. 2009 ) . However, the current cryotomograms cannot unambiguously discriminate which of these structures may exist in immature virions.
Cryotomograms of immature particles reveal a third layer of hexagonal order beneath the CA CTD hexamers, which is composed of pillars of density that extend toward the NC/RNA region (Wright et al. 2007 ; Carlson et al. 2008 ; Briggs et al. 2009 ; de Marco et al. 2010 ; Keller et al. 2011 ) (Fig. 20.4a, b , gray) . The pillars are interpreted as ordered residues at the CA/SP1 boundary, which is consistent with the fi nding that this region is essential for assembly of immature HIV-1 particles (Kräusslich et al. 1995 ; Accola et al. 1998 ) . Residues at the CA/SP1 boundary have been previously predicted to adopt an a -helical secondary structure (Fig. 20.2a ) to mediate quaternary Gag-Gag contacts in the immature shell (Accola et al. 1998 ; Worthylake et al. 1999 ; Liang et al. 2002 ; Newman et al. 2004 ; Morellet et al. 2005 ) . Although the quaternary arrangement of the putative CA/SP1 helices is not yet fi rmly established, one proposal is that this region forms a sixfold symmetric helical bundle beneath the CA CTD hexamer (Wright et al. 2007 ) . Analogous regions have been identifi ed in biochemical and structural analyses of other orthoretroviruses (Cheslock et al. 2003 ; Keller et al. 2008 ; de Marco et al. 2010 ) , suggesting that structural roles of the CA/SP1 boundary residues are conserved.
Although our understanding of the architecture of the immature Gag shell is at an early stage, it is apparent that inherent curvature of the hexagonal Gag lattice likely arises from a systematic decrease in hexamer-to-hexamer packing distances across the sequential CA NTD , CA CTD , and SP1 (or equivalent) layers (Wright et al. 2007 ; Briggs et al. 2009 ) (Fig. 20.4a ). Spherical hexagonal lattices cannot sustain long-range hexagonal order and must incorporate defects in order to maintain similar quaternary contacts across the different subunits. Quasi-equivalent icosahedral viruses and mature orthoretroviral capsids incorporate defects with local fi vefold rotational symmetry (typically occupied by pentamers). In a hexagonal lattice, 12 such defects simultaneously accommodate lattice curvature and mediate shell closure. In contrast, the immature Gag lattice does not appear to contain pentamers and instead employs irregular defects of various geometries (Briggs et al. 2009 ) (Fig. 20.4c ) . Furthermore, the Gag shell is not completely closed, and surprisingly large regions (up to 50% of the virion) are devoid of ordered Gag molecules (Wright et al. 2007 ; Briggs et al. 2009 ; de Marco et al. 2010 ; Keller et al. 2011 ) . It is not clear why orthoretroviruses do not form fully closed immature shells. One proposal is that Gag assembly is in kinetic competition with budding, and that membrane scission and virion release typically occur before complete Gag shells can be assembled (Carlson et al. 2008 ) .
Budding
Virion release proceeds through the formation of a constriction in the connecting membrane, which produces both positive and negative curvatures in the lipid bilayer (Fig. 20.5 ). Membrane curvature during budding appears to not only be mediated by Gag but also by additional contributions from cellular proteins, and possibly, membrane lipids (Le Blanc et al. 2002 ; Wang et al. 2003 ; Carlson et al. 2008 ) . Abscission of the connecting membrane and release of the nascent virion requires membrane fi ssion, which is facilitated by cellular machinery that normally functions in the ESCRT budding pathway (Fig. 20.5 ).
The ESCRT pathway comprises protein complexes (called ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, and a dodecameric AAA ATPase called VPS4) that cycle between the cytoplasm and late endosomal membranes (Fig. 20.5a ). On the surface of the endosome, ESCRT complexes have at least three functions: (1) sort protein cargos tagged with monoubiquitin into specifi c areas, (2) induce membrane invagination toward the lumen of the endosome and away from the cytoplasm (which results in formation of vesicles that are connected to the endosomal membrane, analogous to assembled immature virions), and (3) The mammalian ESCRT pathway is quite elaborate, and orthoretroviruses have evolved multiple short peptide motifs called "late domains" that mediate different entry points into the pathway (Fig. 20.5a ). HIV-1 has two well-characterized late domains that are contained in the p6 region of Gag. These comprise the peptide sequences Pro-Thr/Ser-Ala-Pro (PTAP) and Tyr-Pro-X n -Leu (YPXL), which respectively bind the proteins TSG101 (a component of the ESCRT-I complex) (Garrus et al. 2001 ; Martin-Serrano et al. 2001 ; VerPlank et al. 2001 ; Pornillos et al. 2002 ) or ALIX (which binds ESCRT-I and ESCRT-III proteins) (Strack et al. 2003 ; von Schwedler et al. 2003b ; Zhai et al. 2008 ) . HIV-1 and other orthoretroviruses also recruit members of the NEDD4 family of ubiquitin ligases, either via Pro-Pro-X-Tyr (PPXY) late domains (Kikonyogo et al. 2001 ; Yasuda et al. 2002 ; Bouamr et al. 2003 ) or via alternative interactions that have yet to be defi ned precisely Usami et al. 2008 ) . These late domain interactions lead to the eventual recruitment and conscription of the core fi ssion machinery [composed of the ESCRT-III complex and the VPS4 enzyme (Wollert et al. 2009 ) ], which then facilitates release of new virions from the cell surface.
One proposed mechanism of membrane fi ssion at the neck of the budding virion has been inferred from the observation that a subset of ESCRT-III proteins (also called CHMPs) self-assemble into tubular structures with dome-like caps, whose external surfaces are lined with positively charged residues and, therefore, have considerable affi nity for acidic phospholipid headgroups (GhaziTabatabai et al. 2008 ; Hanson et al. 2008 ; Lata et al. 2008 ; Bajorek et al. 2009 ) . The basic model is that assembly of the dome-like structure within the budding neck creates large elastic stress in the lipid bilayer, which drives membrane fi ssion and separation of the viral and cellular membranes (Fabrikant et al. 2009 ) (Fig. 20.5b ) . Following release of the virion, the VPS4 enzyme uses energy derived from ATP hydrolysis to disassemble the ESCRT-III dome, and thereby resets the system for another round of membrane fi ssion (Lata et al. 2008 ; Wollert et al. 2009 ) .
Virion Maturation
Maturation transforms the noninfectious immature virion into a particle that is capable of transmitting infection. This process is initiated by proteolytic processing of Gag by the viral protease (PR) (Fig. 20.6 ). HIV-1 PR is encoded within the Gag-Pol fusion protein, which arises from a ribosomal frameshift during translation at the 3 ¢ end of the gag gene (which occurs 5% of the time). The Gag-Pol proteins are packaged into virions through the immature lattice interactions mediated by the Gag region. The enzyme active site is created by PR dimerization, and the functional protease is liberated by autoproteolysis during or immediately after budding (Lapatto et al. 1989 ; Navia et al. 1989 ; Kräusslich 1991 ) . Virions arrested at the late budding stage display immature morphology, implying that budding and maturation are intimately coupled events (Göttlinger et al. 1991 ) .
The fi ve proteolysis sites in HIV-1 Gag are cleaved at different rates, in the order: SP1/NC > MA/ CA and SP2/p6 > NC/SP2 > CA/SP1 (Pettit et al. 1998 ) (Fig. 20.6a ) . This results in a defi ned sequential release of maturation intermediates. Mutations that disrupt cleavage of individual sites or alter the processing order result in particles that have severely reduced infectivity, indicating that both the accuracy and timing of Gag processing are essential for proper maturation (Tritch et al. 1991 ; Wiegers et al. 1998 ) . Furthermore, doping the immature virion with Gag processing intermediates interferes with maturation, implying that individual Gag molecules are not cleaved at random (Müller et al. 2009 ) . This is consistent with the idea that PR processing is initiated at the rim of the ordered Gag lattice in the incompletely closed immature shell and then proceeds as a "wave" into the interior of the lattice (Carlson et al. 2008 ; Müller et al. 2009 ) .
Gag cleavage by PR disassembles the immature lattice and liberates the subunits of the mature capsid (the CA protein). CA is derived from the central region of the Gag precursor and is the last mature protein to be released as a result of sequential processing of Gag's proteolytic sites (Fig. 20.6a ) .
Although a precise understanding of the molecular transformations that occur during maturation must await a high-resolution structure of the immature Gag lattice, deuterium exchange and mutagenesis studies indicate that the two CA domains (CA NTD and CA CTD ) utilize highly overlapping interfaces to mediate interactions in both the immature and mature lattices (Lanman et al. 2003 (Lanman et al. , 2004 von Schwedler et al. 2003a ; Monroe et al. 2010 ) . Indeed, the tertiary structures of these two domains are largely preserved in the Gag polyprotein and mature CA, except for residues in the immediate vicinity of the proteolytic sites (Worthylake et al. 1999 ; Tang et al. 2002 ; Newman et al. 2004 ; Kelly et al. 2006 ) (Fig. 20.6b ) .
Proteolytic cleavage at the N-terminal end of CA releases the protein from the upstream MA domain and results in refolding of the fi rst 13 residues of CA from an extended conformation into a b -hairpin (colored yellow in Fig. 20.6b ) . The b -hairpin is stabilized by a salt bridge between the new Pro1 imino group and a conserved acidic residue (Asp51 in HIV-1) (Gitti et al. 1996 ; von Schwedler et al. 1998 ) . Formation of the b -hairpin probably destabilizes the immature CA NTD hexamer and facilitates proper juxtaposition of the adjacent domains in the mature hexamer conformation (Gross et al. 1998 ; von Schwedler et al. 1998 ; Kelly et al. 2006 ; Pornillos et al. 2010 ) . Interestingly, it appears that folding of the b -hairpin does not proceed immediately after cleavage of the MA/CA junction, but after the fi nal proteolytic processing step at the CA/SP1 junction (Monroe et al. 2010 ) . Thus, cleavage at the CA C terminus appears to be the dominant maturation switch. Indeed, mutagenesis of this region is particularly detrimental to capsid assembly and virus infectivity (Kräusslich et al. 1995 ; Gross et al. 2000 ; Li et al. 2003 ; Müller et al. 2009 ) . Proteolysis of the CA/SP1 junction is expected to unravel the putative helical bundle in this region that helps stabilize the immature lattice, and indeed, the last 11 residues of CA appear to be disordered in the mature capsid (Ganser-Pornillos et al. 2007 ; Pornillos et al. 2009 ) . Studies of other orthoretroviruses have revealed comparable structural switches at the CA termini. For example, folding of the b -hairpin during maturation appears to be a general switch because N-terminal extensions shift the in vitro assembly phenotypes of HIV-1, RSV, and MPMV CA proteins from mature-like particles to immature-like particles (Campbell and Vogt 1997 ; Gross et al. 1998 ; von Schwedler et al. 1998 ; Rumlova-Klikova et al. 2000 ) . Interestingly, spacer peptides upstream of the CA domains of RSV and MPMV appear to make important protein-protein interactions in the immature lattice that are not present in HIV-1 (Joshi and Vogt 2000 ; Knejzlík et al. 2007 ; Phillips et al. 2008 ) . The best-characterized example is the "p10" region immediately upstream of RSV CA, which folds into a helix and packs against the globular CA NTD domain (Nandhagopal et al. 2004 ) . This interaction is important for RSV Gag hexamerization and lattice assembly (Joshi and Vogt 2000 ; Phillips et al. 2008 ) . Assembly regions downstream of CA, which are analogous to the SP1 spacer in HIV-1, have also been identifi ed in MLV, RSV, and MPMV Gag, even though these proteins lack a bona fi de spacer between their CA and NC domains (Cheslock et al. 2003 ; Keller et al. 2008 ; de Marco et al. 2010 ) . Indeed, pillar-like densities below the CA CTD hexamer layer are also visible in cryotomographic reconstructions of immature MPMV and RSV particles, although the MPMV pillar appears much smaller than in either HIV-1 or RSV (de Marco et al. 2010 ) . These examples highlight both the degree of conservation in the assembly principles of orthoretroviruses and the structural/mechanistic variations that different viruses use to reach the same endpoint.
Assembly and Architecture of the Mature Capsid
In the infectious retrovirion, the ribonucleoprotein genomic complex is contained within the mature capsid, which is composed of around 1,500 copies of the mature CA protein (Fig. 20.2c ) . The architecture of the mature capsid of HIV-1 is described by the geometric principles of a fullerene cone (Ganser et al. 1999 ; Jin et al. 1999 ; Li et al. 2000 ; Heymann et al. 2008 ) . The body of the capsid is a cone-shaped two-dimensional lattice of CA hexamers. By analogy to quasi-equivalent icosahedral viruses, the hexagonal capsid lattice incorporates 12 pentamers to form a closed shell. The pentamers are also composed of CA and are distributed asymmetrically across the capsid shell. Thus, the capsid itself is globally asymmetric even though it is composed of locally symmetric building blocks.
The mature capsids of orthoretroviruses adopt different preferred shapes and are primarily cones in HIV-1 and lentiviruses, cylinders in betaretroviruses (e.g., MPMV), and polyhedral or "spherical" in others (e.g., RSV, MLV) . The various shapes are a consequence of the distribution of the pentamers: "spherical" capsids have the 12 pentamers distributed randomly, cylinders have six pentamers at each end of a tube, and cones have fi ve pentamers at the narrow end and seven at the wide end (Fig. 20.7 ) (Ganser-Pornillos et al. 2004 ; Benjamin et al. 2005 ; Briggs et al. 2006 ; Butan et al. 2008 ) . This is in stark contrast to icosahedral capsids, wherein the 12 pentamers are arranged in a symmetric confi guration.
CA-CA Lattice Interactions
Electron cryomicroscopy and cryotomography of mature virions and capsids of HIV-1 (Briggs et al. 2003 (Briggs et al. , 2006 Benjamin et al. 2005 ) and RSV confi rm the essential tenets of the fullerene model and reveal that the hexamer-to-hexamer spacing in the mature lattice is 90-100 Å (Briggs et al. 2003 ) . The mature CA hexamer is distinct from the immature Gag hexamer, and therefore the intersubunit interactions mediated by CA NTD and CA CTD must rearrange during maturation.
To a large extent, our understanding of the quaternary interactions in the mature capsid is derived from analyses of in vitro model systems that are assembled from purifi ed recombinant CA proteins (Ehrlich et al. 1992 ; Campbell and Vogt 1995 ; Gross et al. 1997 ; Kingston et al. 2000 ; GanserPornillos et al. 2007 ; Purdy et al. 2008 ) . These assemblies recapitulate the local symmetry of the building blocks but are also globally symmetric and are, thus, more amenable to biochemical and structural analyses (Fig. 20.8 ). For example, helical tubes and two-dimensional crystals composed of CA hexamers have provided low-resolution views of the hexagonal lattice (Li et al. 2000 ; GanserPornillos et al. 2007 ; Byeon et al. 2009 ) , whereas icosahedral assemblies of RSV CA allowed the fi rst visualization of the CA pentamer (Cardone et al. 2009 ; Hyun et al. 2010 ) . Biochemical and mutagenesis experiments have established that these in vitro assemblies faithfully recapitulate the lattice interactions of CA subunits in mature capsids (Gross et al. 1997 ; von Schwedler et al. 1998 von Schwedler et al. , 2003a Lanman et al. 2003 ; Ganser-Pornillos et al. 2004 ; Purdy et al. 2008 ) .
The assembly functions of the CA NTD and CA CTD domains in the mature capsid are clearly delineated: CA NTD forms sixfold or fi vefold symmetric rings, whereas side-by-side CA CTD dimers connect each ring to its neighbors (Figs. 20.9, 20.10 and 20.11 ) . Furthermore, the CA CTD domains form a "belt" surrounding the central CA NTD ring, with each CA CTD packed against the CA NTD of the adjacent subunit (Fig. 20.9 ) . The quaternary intersubunit interactions in the CA hexamer, pentamer, and dimer have each now been visualized at atomic resolution. Thus, the architecture of the mature capsid is now understood in considerable detail (Fig. 20.9 ) . The CA NTD hexamer is a sixfold symmetric ring that is organized around an 18-helix barrel composed of the fi rst three helices of each subunit (Mortuza et al. 2004 ; Ganser-Pornillos et al. 2007 ; Pornillos et al. 2009 ) (Figs. 20.9b and 20.10a ) . The repeating interaction is a three-helix bundle formed by lengthwise packing of helix 2 from one subunit against helices 1 and 3 of the adjacent subunit. In HIV-1, the center of the three-helix bundle contains a small hydrophobic core composed of aliphatic side chains (Fig. 20.10c ) , whereas interactions at the periphery are mediated by polar residues. Direct electrostatic protein-protein contacts are conspicuously absent, and essentially all the intersubunit hydrogen bonds are bridged by water molecules (Pornillos et al. 2009 ) .
The quaternary organization of the CA NTD pentamer is similar to the hexamer, except that the subunits form a fi vefold symmetric ring organized around a 15-helix barrel (Cardone et al. 2009 ; Hyun et al. 2010 ; Pornillos et al. 2011 ) (Figs. 20.9c and 20.10b ) . Even though the packing angles between adjacent subunits are different, the HIV-1 pentamer uses a similar three-helix repeat unitstabilized by essentially identical hydrophobic interactions -as the hexamer (Pornillos et al. 2011 ) (Fig. 20.10c ) .
Switching between the CA NTD hexamer and pentamer follows the general model for quasi-equivalence as originally proposed by Caspar and Klug ( 1962 ) . Alternative packing of subunits in the two oligomers occurs by a simple rotation of adjacent subunits, about an axis that appears to coincide with the precise center of the three-helix repeat unit (Pornillos et al. 2011 ) (Fig. 20.10d ) . Residues at the center of the three-helix repeat unit can therefore maintain essentially the same hydrophobic packing interactions in both oligomers, and only subtle rearrangements in the hydrogen-bonding interactions at the inner and outer rims of the CA NTD rings are required. The energetic landscape of hexamer vs pentamer assembly appears to be controlled by an electrostatic switch (Cardone et al. 2009 ; Pornillos et al. 2011 ) . In the case of HIV-1 CA, an almost universally conserved arginine residue (Arg18) occupies an annulus at the centers of both the hexamer and pentamer. Juxtaposition of like charges creates electrostatic repulsion, which is greater for the pentamer because the arginine residues are closer to each other in the fi vefold ring (Pornillos et al. 2011 ) . Indeed, substitution of Arg18 with uncharged residues promotes pentamer formation in vitro (Ganser-Pornillos et al. 2004 . Electrostatic destabilization of the pentamer is most probably counterbalanced by local assembly rules and cooperativity, such that a pentamer is integrated into the assembling capsid lattice only at a position where incorporation of a hexamer is incompatible with the local lattice curvature. The CA NTD hexamers and pentamers are linked into a continuous lattice by symmetric CA CTD dimers (Fig. 20.11a ) , with side-by-side interacting subunits (i.e., not domain-swapped). The affi nity of the mature HIV-1 CA CTD dimer is measurable in solution, with a dissociation constant ( K d ) of ~10 −5 M (Gamble et al. 1997 ; Byeon et al. 2009 ) . Characterized CA proteins of other orthoretroviruses remain monomeric in solution (Khorasanizadeh et al. 1999 ; Campos-Olivas et al. 2000 ; Mortuza et al. 2009 ) but also form analogous dimers under conditions that promote capsid assembly (Bailey et al. 2009 ; Purdy et al. 2009 ) . The CA CTD dimer interface is mediated by symmetric packing of helix 9 across the dyad, and hydrophobic interactions between the 3 10 helix of one subunit and helix 9 of the other (Gamble et al. 1997 ; Worthylake et al. 1999 ; Byeon et al. 2009 ) . The lattice-stabilizing dimer interface is the same as the solution dimer interface (Ganser-Pornillos et al. 2007 ; Byeon et al. 2009 ) , implying that the basic assembly unit of the mature capsid is composed of two CA subunits linked by CA CTD .
Mechanisms of Capsid Lattice Curvature
A key feature of the HIV-1 fullerene cone capsid is that the curvature of the hexagonal CA lattice changes continuously (Ganser et al. 1999 ; Li et al. 2000 ) (Fig. 20.11 ). This is most easily appreciated by considering the bite angle between adjacent hexamers. The bite angles change continuously and range from around 135° between two hexamers connected to the same pentamer at the ends of the cone to around 180° in more fl at regions at the body of the cone. The CA protein has the requisite fl exibility for creating such a variably curved lattice because the CA NTD and CA CTD domains are linked by a fl exible stretch of four amino acid residues. Indeed, NMR analyses of full-length CA proteins in solution demonstrate that the two domains can rotate almost independently of each other (Khorasanizadeh et al. 1999 ; Campos-Olivas et al. 2000 ) . In the assembled lattice, the relative orientations of the CA NTD rings and CA CTD dimers can also vary (Byeon et al. 2009 ; Cardone et al. 2009 ; Pornillos et al. 2009 ) . Unlike the soluble CA protein, however, movement of the two domains in the assembled lattice is more restricted. One proposal is that capsid lattice curvature is mediated by defi ned modes of fl exibility at two assembly interfaces: the NTD-CTD and CTD-CTD interfaces (Pornillos et al. 2011 ) (Fig. 20.11 ) .
NTD-CTD Interactions
In the assembled CA lattice, each CA CTD domain packs against the CA NTD domain from the adjacent subunit, via an intermolecular set of interactions called the NTD-CTD interface (Bowzard et al. 2001 ; Lanman et al. 2003 ; Ganser-Pornillos et al. 2007 ) (Fig. 20.11b ) . A critical feature of the NTD-CTD interface is that it contains a set of direct protein-protein hydrogen bonds, each of which is a helix-capping interaction, and connects a fl exible polar side chain in one domain with a helix terminus in the other domain (Pornillos et al. 2009 (Pornillos et al. , 2011 . These helix-capping hydrogen bonds act as molecular pivots for limited rigid-body rotations of CA CTD relative to CA NTD (indicated by red double-headed arrow in Fig. 20.11b ) . In this manner, the NTD-CTD interface can restrict the movement of the CA CTD dimers relative to the CA NTD rings. Each dimer can only rotate about a fi xed axis that is approximately parallel to the plane of the ring, and this fl exion would allow each CA NTD ring to adopt slightly different bite angles relative to its neighbors. The NTD-CTD interface, therefore, is likely to function by channeling the native fl exibility of the CA protein into a mechanism for generating variable lattice curvature. This feature is common to the hexamer and pentamer since an identical set of interactions is found in both capsomers (Pornillos et al. 2009 (Pornillos et al. , 2011 .
CTD-CTD Interactions
Biochemical and structural analyses also indicate that the CA CTD domain is conformationally fl exible (Ternois et al. 2005 ; Alcaraz et al. 2007 ; Ganser-Pornillos et al. 2007 ; Ivanov et al. 2007 ; Bartonova et al. 2008 ; Wong et al. 2008 ) . For example, comparison of X-ray (Gamble et al. 1997 ; Worthylake et al. 1999 ) and NMR (Byeon et al. 2009 ) structures of full-affi nity CA CTD dimers reveals slight variations in the structure of the dimerization helix, which occur at both the tertiary level (in terms of helix 9 packing against other helices in the same domain) and quaternary level (in terms of the helix 9 crossing angle across the dimer dyad) (Fig. 20.11c ) . Flexibility of the CA CTD dimer might have functional implications since twisting at the dimer interface may also dictate lattice curvature (indicated by red double-headed arrows in Fig. 20.11c ) (Ternois et al. 2005 ; Ganser-Pornillos et al. 2007 ) . Indeed, computational modeling of the HIV-1 capsid suggests that proper formation of the pentameric declinations requires a fl exible dimer interface (Pornillos et al. 2011 ) .
An electron cryomicroscopy reconstruction of helical tubes composed of HIV-1 CA hexamers indicates that adjacent CA CTD domains surrounding the threefold axes of the hexagonal lattice may also interact via extended polar residues (Byeon et al. 2009 ) . This interaction is not observed in structures of fl attened lattices of CA (Ganser-Pornillos et al. 2007 ) and, therefore, appears to specifically stabilize subunit packing in a curved lattice. In the assembled capsid, it is likely that interactions across the threefold interface vary in response to different degrees of rotation at the NTD-CTD interface (Byeon et al. 2009 ; Pornillos et al. 2009 ) .
Organization of the RNA Genome
The morphological and structural rearrangements that occur during retroviral maturation likely prepare the RNA genome for proper replication upon cell entry. Consistent with this idea, the genome itself undergoes structural rearrangements during maturation, in which the RNA condenses with the new NC proteins inside the capsid and adopts a more stable structure (Fu and Rein 1993 ) . Furthermore, there appears to be a structural link between the genome and the capsid shell because alterations in capsid stability can signifi cantly perturb reverse transcription (Forshey et al. 2002 ) . Very little is currently known about the three-dimensional organization of the genome within the core, but signifi cant progress has been made in delineating the secondary structural elements (Watts et al. 2009 ) . This is an exciting unexplored area in retrovirus structure.
Conserved and Contrasting Features in the Design of Enveloped Spherical Viruses
As molecular machines, viruses have evolved effi cient, elegant methods to perform their vital functions: (1) protect the genome upon exit from an infected cell, (2) recognize a susceptible host cell and trigger an entry mechanism, and (3) co-opt normal cellular machinery to replicate and assemble progeny. For retroviruses, and in fact most viruses, the fi rst function is accomplished by the capsid, a protective protein shell with tightly packed subunits that exclude harmful proteins such as ribonucleases, and the second function is accomplished by trimeric Env glycoprotein spikes which recognize specifi c cellular receptors and mediate fusion of the viral envelope with the cell membrane. The structures of the capsids and surface proteins from many enveloped viruses are now known and have begun to reveal both common and diverging features in virus architecture. As might be expected, many enveloped viruses have capsids and/or envelope proteins organized by the classical principles of icosahedral symmetry. The most striking example of this is the alphavirus family, where even the lipid bilayer of the virion is constrained to icosahedral symmetry (Zhang et al. 2002 ) . On the other hand, hepatitis B virus does have an icosahedral capsid but also a pleomorphic envelope with a relatively random distribution of spikes (Dryden et al. 2006 ) . Nevertheless, the envelope and capsid reside in close proximity, and the surface L protein mediates intimate interactions with the internal capsid. Like hepatitis B virus, herpesvirus has a pleomorphic envelope and an icosahedral inner capsid. However, a disordered tegument protein shell resides between the envelope and capsid (Grünewald et al. 2003 ) . Finally, orthoretroviruses appear to be an extreme case of pleomorphism because both the capsids and surface glycoproteins are nonicosahedral.
This pleomorphism has made structural analyses of orthoretroviral capsids and envelope proteins very diffi cult. This chapter illustrates the "bottoms-up" approach that has been used to study these types of structures, wherein high-resolution information on the building blocks are coupled with lower-resolution electron microscopy structures and functional data to build models for the complete capsid. This approach requires close collaborations between structural biologists, biochemists, and virologists.
Future Directions
Future directions for studies of orthoretroviral capsid assembly include determination of higherresolution structures of the immature Gag lattice, characterization of the molecular rearrangements (both within the RNA genome and the capsid shells) that occur during the regulated maturation of the virus, and dissection of the early events in the viral replication cycle. Of particular interest are the fate of the viral capsid once it enters the cell and how the capsid and its contents reorganize to form the enzymatic complex that reverse transcribes the genome and targets it to host chromosomes for integration.
